Avibactam is a novel non-␤-lactam ␤-lactamase inhibitor that is currently undergoing phase 3 clinical trials in combination with ceftazidime. Ceftazidime is hydrolyzed by a broad range of ␤-lactamases, but avibactam is able to inhibit the majority of these enzymes. The studies described here attempt to provide insight into the amount of avibactam required to suppress bacterial growth in an environment where the concentrations of both agents are varying as they would when administered to humans. Following the simulation of a single intravenous dose of the drug, ceftazidime alone had no effect on any test organism, but a ceftazidime-avibactam combination resulted in rapid killing of all of the strains, with growth suppressed for the 8 h of the study. For seven of eight strains, this was achieved with a 1-g-250-mg profile, but a 2-g-500-mg profile was necessary to completely suppress a high-level-AmpC-producing isolate. When ceftazidime was infused continuously for 24 h with a single bolus dose of avibactam, rapid killing of all of the strains was again observed, with growth suppressed for 10 to >24 h. Regrowth appeared to commence once the avibactam concentration dropped below a critical concentration of approximately 0.3 g/ml. In a third series of studies, ceftazidime was administered every 8 h for 24 h with avibactam administered at fixed concentrations for short periods during each ceftazidime dose profile. Simulating a 1-g dose of ceftazidime, an avibactam pulse of >0.25 and <0.5 g/ml was required to suppress growth for 24 h. A vibactam, formerly NXL104 or AVE1330A, is the first of a new class of non-␤-lactam ␤-lactamase inhibitors, referred to as diazabicyclooctanes (1). It displays a broad spectrum of inhibitory activity against both class A and class C ␤-lactamases, including Klebsiella pneumoniae carbapenemase (KPC) enzymes (2), the AmpC ␤-lactamase of Pseudomonas aeruginosa (3), and extendedspectrum ␤-lactamases such as TEM, SHV, and CTX-M variants (4, 5). In studies with isolated enzymes, avibactam inactivates ␤-lactamases at low 50% inhibitory concentrations and with low turnover numbers (6, 7). It also inhibits some class D ␤-lactamases, OXA-48, for example (8). Avibactam has little intrinsic antibacterial activity but efficiently protects ␤-lactams from ␤-lactamase-catalyzed hydrolysis in a range of members of the family Enterobacteriaceae and in P. aeruginosa (3-5, 9). That a combination of ceftazidime and avibactam protects against bacterial infections by ␤-lactamase-producing bacteria has been demonstrated in animal models (10, 11), and two successful phase 2 human studies have been reported (12, 13) .
A vibactam, formerly NXL104 or AVE1330A, is the first of a new class of non-␤-lactam ␤-lactamase inhibitors, referred to as diazabicyclooctanes (1) . It displays a broad spectrum of inhibitory activity against both class A and class C ␤-lactamases, including Klebsiella pneumoniae carbapenemase (KPC) enzymes (2), the AmpC ␤-lactamase of Pseudomonas aeruginosa (3) , and extendedspectrum ␤-lactamases such as TEM, SHV, and CTX-M variants (4, 5) . In studies with isolated enzymes, avibactam inactivates ␤-lactamases at low 50% inhibitory concentrations and with low turnover numbers (6, 7) . It also inhibits some class D ␤-lactamases, OXA-48, for example (8) . Avibactam has little intrinsic antibacterial activity but efficiently protects ␤-lactams from ␤-lactamase-catalyzed hydrolysis in a range of members of the family Enterobacteriaceae and in P. aeruginosa (3) (4) (5) 9) . That a combination of ceftazidime and avibactam protects against bacterial infections by ␤-lactamase-producing bacteria has been demonstrated in animal models (10, 11) , and two successful phase 2 human studies have been reported (12, 13) .
Like the pharmacodynamic (PD) indices of other cephalosporins (14) and ␤-lactams generally (15) , that of ceftazidime is the time during which its free (non-protein-bound) concentration exceeds the MIC for the infecting pathogen (fTϾMIC) (14) (15) (16) (17) (18) (19) . However, little is known about ␤-lactam-␤-lactamase-inhibitor pharmacokinetic (PK)-PD relationships (20) (21) (22) , which is a prerequisite for the optimum design of dosage regimens.
The objective of this study was to determine the effect of PKlike dynamic changes in avibactam concentrations on the PD of ceftazidime plus avibactam against examples of ceftazidime-resistant, ␤-lactamase-positive Enterobacteriaceae by using an in vitro hollow-fiber infection model.
(Some of this work has been reported previously in abstract form [23] [24] [25] .)
MATERIALS AND METHODS

Compounds.
Avibactam was synthesized in the laboratories of Novexel SA (Paris, France). Ceftazidime was purchased from Sandoz (France).
Bacterial isolates. The eight Enterobacteriaceae strains used in this study were all clinical isolates. The ␤-lactamases produced by these strains and their susceptibilities to the agents under test are reported in Table 1 .
Susceptibility testing. MICs were determined by using Clinical and Laboratory Standards Institute methods for antibiotic susceptibility testing (26) with cation-adjusted Mueller-Hinton broth (MHB) and incubation at 35°C for 16 to 18 h. For ceftazidime-avibactam combinations, results were obtained by two methods. (i) In the CLSI-approved method, using doubling dilutions of ceftazidime in the presence of a fixed 4 g/ml avibactam, the MIC is recorded as the concentration of ceftazidime at the endpoint. (ii) In the second method, doubling dilutions of a fixed 4:1 ceftazidime-avibactam ratio are used and the MIC is recorded as the concentrations of both ceftazidime and avibactam at the endpoint. The MIC endpoint was defined as the lowest concentration that inhibited all of the visual growth. Susceptibility testing was performed in triplicate, and modal MICs are reported.
Bioassay. Avibactam was assayed by using 150 ml of Antibiotic Agar Medium No. 1 (Merck) inoculated with 1% (vol/vol) of an overnight culture of S. aureus 011SJ3 in MHB with amoxicillin diluted in dimethyl sulfoxide at a final concentration of 40 mg/liter poured into square plastic plates (25 by 25 cm; Nunc). After cooling and solidification, 4-mm wells were made in the agar to take 0.025-ml samples. Plates were prepared on the day of the assay, and short-term storage was at 4°C. Each sample was plated in duplicate on two separate plates, and after 18 h of incubation at 37°C, diameters of inhibition zones were measured and concentrations were calculated by using a standard curve of log concentration against zone diameter. The assay was linear over an avibactam concentration range of 0.25 to 64 g/ml.
For the ceftazidime assay, 150 ml of Antibiotic Agar Medium No. 2 (Merck) was inoculated with 2% (vol/vol) of an overnight culture of Escherichia coli 250UC5 in MHB and the plates were prepared and assays were run as for avibactam. The assay was linear over a ceftazidime concentration range of 1 to 128 g/ml.
Hollow-fiber infection model. The hollow-fiber system was set up as described by Tam et al. (27) , by using cellulosic cartridges (FiberCell Systems, Inc., Frederick, MD) and Masterflex peristaltic pumps from the Cole-Parmer Instrument Co. (Vernon Hills, IL). An automated syringe pump delivers the antibiotics into a 150-ml central reservoir in the required amounts on the desired schedule of administration. Approximately 30 ml of the culture under test was loaded into the peripheral compartment to give a final inoculum of approximately 10 5 CFU/ml. Fresh medium (with or without dissolved test compounds) was kept in circulation by means of a peristaltic pump. Samples were taken from the peripheral compartment at different time points, and the viable bacterial count was determined by serial 2-fold dilutions on Mueller-Hinton agar plates with a limit of detection of 20 CFU/ml. Samples were also taken from the central compartment and stored at Ϫ20°C for later analysis by bioassay.
Dose regimen 1. For dose regimen 1, a ceftazidime-avibactam combination was administered to simulate a single human dose equivalent to a 30-min infusion. The avibactam human-like concentration-time profile was obtained by imposing biexponential elimination by using the halflives observed in healthy volunteers following a 30-min infusion of a 500-mg dose (t 1/2␣ ϭ 0.16 h, t 1/2␤ ϭ 2.0 h) (28) . The same biexponential elimination rate was used to model ceftazidime. The doses used were 2 g ceftazidime (C max ϭ 105 g/ml) plus 500 mg avibactam (C max ϭ 24 g/ml) and 1 g ceftazidime (C max ϭ 52 g/ml) plus 250 mg avibactam (C max ϭ 12 g/ml). Dose regimen 2. For dose regimen 2, the concentration of ceftazidime was set at a constant 16 or 8 g/ml to be in excess of the MIC of ceftazidime-avibactam but below that of ceftazidime alone for all of the strains. In combination with the constant ceftazidime concentration, two different regimens of avibactam were used so as to achieve similar avibactam area under the concentration-time curve to infinity (AUC) values, as follows: (i) a 24-h continuous constant-rate infusion and (ii) a single simulated human-like profile. The 500-mg avibactam profile from dose regimen 1 was used here. For each strain, the AUC was calculated by using WinNonlin version 4.1.
In both test cartridges, at time zero, a mixture of ceftazidime and avibactam was injected into the central compartment at the doses described below. For the cartridge where both components were infused continuously, a flow of fresh MHB containing an appropriate concentration of both ceftazidime (8 or 16 g/ml) and avibactam (1, 2, or 4 g/ml) was infused for 24 h. For the cartridge with the single-dose avibactam profile, fresh MHB containing an appropriate concentration of ceftazidime was infused to generate the simulated avibactam human terminal half-life (t 1/2 ) of 2 h. In order to maintain an isovolumetric environment, MHB was pumped from the central reservoir at a fixed rate. Test strains were injected and confined to the hollow-fiber cartridge, and test compounds and fresh medium were exchanged between the central reservoir and the hollow-fiber cartridge by diffusion through a semipermeable membrane. Drug infusions were terminated at 24 h, but viable counts were monitored from 0 to 24 h in some experiments and from 0 to 48 h in others. The dose-organism combinations used in these studies (see Table  3 ) were single runs.
In the paired experiments, where a continuous infusion of ceftazidime (8 or 16 g/ml) was administered with the avibactam dose simulating a human biexponential profile, the avibactam C max values were somewhat higher than those in human volunteers reported by Merdjan et al. (28) , as avibactam was administered such that the 24-h AUC equaled the AUC in the paired study where avibactam was infused for 24 h. Thus, for example, where the 24-h infusion experiment employed avibactam at a constant 4 g/ml, the profile in the parallel single-dose experiment used an avibactam C max of 60 g/ml; for a 1-g/ml constant infusion, the single-dose experiment used an avibactam C max of 12 g/ml.
Experiments in which human-like PK profiles of avibactam were simulated were used to estimate the threshold concentration (C T ) of avibactam during the exponentially declining phase below which inhibition of ␤-lactamase was lost, as inferred from the observation of bacterial regrowth in the presence of a continuous concentration of ceftazidime.
Dose regimen 3. For dose regimen 3, ceftazidime was administered to simulate a human-like profile (30-min infusion) following a dose of either 1 g (C max ϭ 52 g/ml) or 2 g (C max ϭ 105 g/ml) administered every 8 h (q8h) for 1 day, with avibactam (i) infused continuously at a fixed concentration over the 24-h period, (ii) infused at a fixed concentration for 6 h at the start of each ceftazidime dose administration, (iii) infused at a fixed concentration for 4.5 h at the start of each ceftazidime dose admin- istration, or (iv) infused at a fixed concentration for 3 h at the start of each ceftazidime dose administration. At the end of each infusion period, the avibactam reservoir was replaced with a fresh MHB reservoir, clearing the avibactam with a t 1/2 of 2 h. Ceftazidime 1-g growth suppression windows are averages of two or three results; ceftazidime 2-g growth suppression windows are single datum points. In these experiments, where ceftazidime concentrations simulated a human profile and avibactam was infused at a constant concentration, a slightly different C T was measured, designated C T Q8 , to differentiate it from the above C T . C T Q8 was the minimum constantinfusion concentration of avibactam that suppressed bacterial growth for the 24-h duration of the study.
Terminology. In all of the studies of the ceftazidime-avibactam combination, rapid bactericidal killing was observed (Ͼ3-log reduction of the viable count) and growth remained at least 10 3 -fold lower than the starting inoculum for a period of time ( Fig. 1 shows a representative example) . Bacterial regrowth occurred when the avibactam concentration declined. The bacterial regrowth was interpreted in terms of two concepts, (i) a critical concentration, C T , of avibactam and (ii) a time period of growth suppression termed the "growth suppression window." These two parameters were defined and measured as follows.
Critical concentration (C T ) of avibactam. This approach was to define a "critical concentration" (C T ) of avibactam achieved during its exponential decline phase in the presence of a constant ceftazidime concentration. The C T was defined as the minimum concentration of avibactam able to suppress the growth of a ␤-lactamase-producing bacterium as judged by the concentration of avibactam in the hollow-fiber system at the time point when regrowth occurred. C T values were experimentally estimated by extrapolation from the exponential-decline curves, because they occurred at times later than the decrease in avibactam concentrations to below the limit of quantitation.
The magnitude of C T for Enterobacteriaceae was estimated from hollow-fiber experiments with three ␤-lactamase-producing isolates: Enterobacter cloacae 293HT96, K. pneumoniae 283CF5, and K. pneumoniae Tunisie K4 (Tables 1 and 2 ). In three of the experiments used for these estimations, ceftazidime was maintained at a constant background concentration of about 8 mg/liter while avibactam was instilled with simulated human-PK-like profiles with a C max of 9, 31, or 37 mg/liter and exponential-decline half-lives of 2 to 3 h. Viable counts were monitored in the perfused compartment, starting with inocula of 1 ϫ 10 5 to 3 ϫ 10 5 CFU/ml at time zero. In all three experiments, bacterial counts declined to below detectable in about 2 h and stayed undetectable for a further 10 h (i.e., t ϭ 12 h). After that, samples were not taken until t ϭ 24 h, by which time growth had restarted (Fig. 1) . The magnitude of C T was estimated as being equal to or lower than the concentration of avibactam remaining in the hollow-fiber system at the time point at which growth suppression was last experimentally demonstrated. That time point was t ϭ 12 h in three experiments (as was the case in the experiment shown in Fig. 1 ) but t ϭ 20 h in one experiment with E. cloacae 293HT96 (Fig. 2) . As stated above, in these estimations, the concentration of avibactam at which regrowth occurred was below the limit of quantification, and so the concentration at the given time point was estimated by extrapolation of the monoexponential decline of the terminal phase. Moreover, the estimate was made at the last time point when growth was experimentally confirmed to be suppressed, which was an indeterminate time before growth actually recurred. The concentration of avibactam estimated by this method was thus a maximum, so that C T is reported here as less than or equal to the magnitude estimated at the given time point. Table 2 shows four estimated C T values and summarizes the experimental conditions under which the estimations were made. Growth suppression window. For the ceftazidime-avibactam treatment regimens used in this study, the bacterial viable count fell rapidly and remained low for some time. The period of time for which the viable count remained at least 10 3 -fold lower than the starting inoculum was defined as the growth suppression window.
RESULTS
The organisms used, the enzymes they produced, and their susceptibilities to ceftazidime and ceftazidime-avibactam are given in Table 1 . Strain selection was based on high ceftazidime MICs (Ն64 g/ml) and a range of MICs of the ceftazidime-avibactam combination.
Regimen 1. In the regimen 1 experiments (data not shown), Fig. 1]) . Regrowth started at some time between the 12-and 24-h sampling times. b The magnitude of C T is expressed as less than or equal to the stated value, as estimates were made at 12 h, whereas regrowth occurred between 12 and 24 h (Fig. 1) . c C T was estimated at 18 to 20 h, as the 2-h sampling times allowed greater precision in identifying the time at which regrowth occurred (Fig. 2) . However, the declining avibactam concentrations were modeled rather than measured in this experiment (23), and so the estimate of C T is approximate.
hollow-fiber studies simulating a single dose of ceftazidimeavibactam (1 g plus 250 mg) showed that the combination was rapidly microbicidal against all of the test organisms, reducing the viable count from ϳ10 6 CFU/ml to below the level of detection (Ͻ10 2 CFU/ml). With the exception of E. cloacae 293HT96, growth was held below detectable levels for the 8 h of the experiment. In the case of E. cloacae 293HT96, slight growth (10 3 to 10 4 CFU/ml was detected at between 6 and 8 h) postdosing. With the higher-dose simulation (2 g plus 500 mg), the growth of all of the organisms was held below the limit of detection for the 8-h period. Regimen 2. In the regimen 2 experiments, each organism was studied against one to six dosing regimens. In experiments where both ceftazidime and avibactam were continuously infused and with ceftazidime at 8 or 16 g/ml, avibactam at a 1-g/ml or higher concentration resulted in a growth suppression window of 24 h against all of the isolates (data not shown).
In the paired experiments, where a continuous infusion of ceftazidime (8 or 16 g/ml) was administered and the concentration of avibactam rose to a peak and then declined biexponentially, rapid killing of all of the strains was again observed, with growth suppression windows of 10 to 24 h for all of the avibactam profiles with a 12-g/ml or higher C max (Table 3 ).
In the presence of adequate inhibition of ␤-lactamases, the PD of a ␤-lactam-␤-lactamase inhibitor combination is predicted to revert to the PD of the ␤-lactam partner (20) . With simulated bolus doses of avibactam, the variable growth suppression windows observed indicate that ␤-lactamase inhibition is inadequate when the avibactam concentration falls below a certain critical C T . This was the basis of the measurements described in Table 2 . From the limited data available from the regimen 2 studies, the C T was Յ0.5 g/ml but to investigate the critical threshold under different avibactam and ceftazidime exposure conditions, a further series of studies was conducted.
Regimen 3. In the regimen 3 experiments (Table 4) , instead of the critical concentration of avibactam being estimated after the attainment of its C max , the critical concentration was investigated on the basis of short periods at a constant concentration. Using a The growth suppression window is the period of time for which the viable count remained at least 10 3 -fold lower than the starting inoculum. b Both ceftazidime and avibactam were infused for 24 h at the concentrations listed. c Ceftazidime was infused for 24 h at the concentrations listed, and avibactam was administered as a single dose with a t ½ of 2 h.
roughly the equivalent of a 1-g dose of ceftazidime q8h in adults (C max , 52 g/ml), a constant 0.25 g/ml avibactam for 24 h gave a growth suppression window of 4 to 6 h, while a constant 0.5 g/ml avibactam gave a growth suppression window of Ͼ24 h ( Table 4 ). The equivalent of 2 g of ceftazidime q8h (C max , 105 g/ml) gave a growth suppression window of 6 h with 0.1 g/ml avibactam and 8 h with 0.25 g/ml avibactam infused for 24 h. On the basis of these data, the C T Q8 (where the superscript indicates this critical concentration of avibactam estimated in the background of rising-and-falling ceftazidime concentrations from the C T obtained during the exponential decline in the avibactam concentration following a peak in the background of a constant ceftazidime concentration) must be Ͼ0.25 g/ml but Յ0.5 g/ml.
When ceftazidime was administered at the equivalent of 1 g q8h and avibactam was infused for part of each dose interval at a fixed concentration of 0.5 g/ml against AmpC-producing E. cloacae, the growth suppression window was 8 h with a 3-h avibactam infusion, 7 to 11 h with a 4.5-h avibactam infusion, and 6 to 8 h with a 6-h avibactam infusion. On the basis of these data, the in vitro continuous-infusion C T Q8 was Ͼ0.5 g/ml when the background dose of ceftazidime was equivalent to 1 g q8h.
When ceftazidime was administered at the equivalent of 2 g q8h and avibactam was infused for 4.5 h at 0.5 or 1 g/ml at the start of each dose interval (Table 4) , the growth suppression window was 12 to 24 h. On the basis of these data, it appears that the in vitro intermittent continuous-infusion C T Q8 in the background of a dose of ceftazidime of 2 g q8h would be judged to be Յ0.5 g/ml.
DISCUSSION
The correlation between the two methods of determining combination MICs in vitro was fairly poor (Table 1) , but the 4:1 ratio data showed that lower inhibitor concentrations mostly resulted in higher ceftazidime MICs for this collection of isolates. These in vitro assays report the results of testing fixed concentrations of agents over a 24-h period, whereas the hollow-fiber studies reported here were intended to give a better view of the pharmacodynamic properties of the combination.
For ␤-lactams, the PK-PD index that best defines efficacy is the fTϾMIC (14, 29) . This is defined as the amount of time during the period between doses for which the unbound concentration of the drug is at or above the MIC. fTϾMIC is expressed as a percentage of the interdose period, and an ϳ50% fTϾMIC is usually considered an appropriate target for achieving antibacterial efficacy with a cephalosporin in vivo (30, 31) . For ceftazidime, a 50% fTϾMIC has proved effective clinically in the treatment of Gramnegative nosocomial pneumonia (19) . When the ␤-lactam is coadministered with an adequate concentration of a ␤-lactamase inhibitor, the PD of the combination revert to the PD of the ␤-lactam partner (20) . Avibactam has no meaningful antibacterial activity alone against the organisms under test, so the MIC cannot be used to determine what constitutes an adequate concentration. We infer that there must be some C T of avibactam below which the inhibitor is unable to protect the ␤-lactam from hydrolysis. On the basis of hollow-fiber experiments, Louie et al. (32) reported that time above the C T was the avibactam variable dynamically linked with cell killing and resistance suppression when combined with the cephalosporin ceftaroline against ␤-lactamase-producing E. cloacae and K. pneumoniae. That would fit with the observation in the present study that avibactam, when not replenished by repeated dosing (or continuous infusion), appears to allow the return of ␤-lactamase activity and growth in the presence of "unprotected" ceftazidime ( Fig. 1 and 2) .
In a few of the studies reported here, the growth suppression window was smaller for the avibactam bolus dose than for the avibactam infusion, consistent with the findings of Louie et al. (32) Tables 3 and 4) , regrowth was clearly occurring when avibactam dropped below a critical C T . In the present studies, the avibactam C T was Յ0.3 g/ml (Table 2 ) and the C T Q8 (in the background of ceftazidime PK representative of the human dose of 2 g) was Ͻ0.5 g/ml, demonstrating good agreement. Furthermore, some recent data reported by Berkhout et al. from neutropenic mouse lung and thigh P. aeruginosa infection models confirmed that the PK-PD index that best correlated with the avibactam effect was 20 to 40% of the time above a C T of 1 g/ml (33, 34) .
Although not explored in the work reported here, the ␤-lactam combined with avibactam is assumed to be critical and the magnitude of C T below which the protection of ceftazidime is lost may be different for other ␤-lactams.
The magnitude of C T is likely to be dependent on the MIC for the organism, the inoculum, and the dose of ␤-lactam used. These studies used a starting inoculum of about 10 6 CFU/ml, representing a total bacterial burden of approximately 3 ϫ 10 7 CFU/ml, which could be regarded as representative of a moderate rather than a severe infection, where an inoculum of Ն10 8 may be more clinically relevant. On the other hand, the hollow-fiber system employed for these studies was impermeable to the ␤-lactamases produced by the bacteria, resulting in an unnatural accumulation of enzyme over the course of the study, whereas the enzyme produced in a clinical environment might reasonably be expected to be cleared from the site of infection. Thus, although the low inoculum concentration might suggest that the C T and C T Q8 reported -fold lower than the starting inoculum. Ceftazidime 52-g/ml growth suppression windows are averages of two or three results; ceftazidime 105-g/ ml growth suppression windows are single datum points. d Produces AmpC; ceftazidime-avibactam MIC ϭ 4 g/ml. e Produces KPC-3; ceftazidime-avibactam MIC ϭ 4 g/ml.
here are underestimated for mimicking infections characterized by a high total human bacterial load, the unnatural accumulation of ␤-lactamase would tend to cause overestimation of the C T and C T Q8 for the test inoculum. The idea of defining a critical C T below which adequate inhibition of ␤-lactamase is lost is rather different from another approach to PD that attempts to reconstruct the MIC as an "instantaneous MIC" dependent on the concentration of the ␤-lactamase inhibitor (35) . In that case, one could revert to calculating target attainment in order to help guide dosing by just considering the time during which the free drug concentration exceeds the instantaneous MIC, as long as there is a good correlation between an in vitro measured MIC and the instantaneous MIC. The alternative approach of the critical-concentration concept would be to calculate achievement of the critical-concentration ␤-lactamase inhibitor PD target simultaneously with the achievement of the ␤-lactam target. In both cases, as is the case with the fTϾMIC for a ␤-lactam, the PD "target" would be a compromise to cover as many organisms as possible on the basis of simple in vitro MIC testing but could not practically be tailored to one isolate at a time.
In many (but not all) of these studies, the organism was examined at the end of the test to determine whether reduced-susceptibility variants had developed. In all of the cases, the susceptibility of the organism was unchanged from that of the starting culture, but longer incubation times and/or higher starting inoculum concentrations are needed to fully evaluate the development of resistance to this combination.
